N-Nitrosodimethylamine (NDMA) is a toxic and carcinogenic yellow liquid that has been identified as a contaminant in drinking water, ground water, and a variety of other matrices (NRC, 1981; Leoppky and Micheljda, 1994; Mitch and Sedlak, 2004) . One factor for the seemingly increasing levels of NDMA is directly related to the increasing sophistication of NDMA analysis. Since the late 1990s, a large number of studies have developed and improved NDMA analysis. Currently, several jurisdictions have implemented regulations that require widespread measurement of NDMA in raw and drinking water-such regulations led to the identification of a higher occurrence of NDMA in water than was expected. Although NDMA is listed as a priority pollutant in the United States (CFR, 2001 ), a federal maximum contaminant level has not been established for drinking water. However, the Ontario Ministry of the Environment and Energy established an Interim Maximum Acceptable Concentration of 9 ng/L for NDMA in drinking water (MOE, 2000) . In addition, after noticing the prevalence of NDMA, the California Department of Health Services has established an interim action level of 20 ng/L, which was later reduced to 10 ng/L (DHS, 2002) .
Despite the increasing concern about the adverse effect of NDMA, conventional water treatment technologies may not effectively remove NDMA. NDMA is a semi-volatile, polar 38 organic chemical, and a highly water-soluble compound (Chemfinder, 2003 soil at low GAC dosages (Kaplan and Kaplan, 1985; Gumnison et al., 2000) . In addition, although there is little information regarding the potential for biological removal of NDMA, NDMA is somewhat resistant to biodegradation and is difficult to remove by air stripping and ozonation (Holgnè and Bader, 1983; Siddiqui and Atasi, 2001) . Iron oxides can be used to reduce 3   4   44   45   46   47   48   49   50   51   52   53   54   55   56   57   58   59   60   61   62   63   64   65   66 NDMA to dimethylamine (DMA) and ammonia; however, due to the slow kinetics of the reaction, this treatment method is not cost effective. Although several previous studies investigated NDMA removal using drinking water treatment technologies (Kaplan and Kaplan, 1985; Gumnison et al., 2000; Holgnè and Bader, 1983; Siddiqui and Atasi, 2001) , only high initial concentrations (> 1,000 ng/L) were tested. However, since NDMA is frequently found at extremely low concentrations (parts per trillion, ppt; ng/L) in water supplies and wastewater effluents, there remain issues regarding NDMA removal at low initial concentrations from natural waters containing natural organic matter (NOM) and ions..
In order to evaluate the potential removal of NDMA by numerous water treatment technologies within a realistic range of NDMA levels in natural water, an important goal now is to be able to detect NDMA at ultra-trace levels. Analytical determination of NDMA content from surface water and wastewater commonly involves the use of gas chromatography-mass spectrometry (GC-MS or MS/MS) with chemical ionization, or traditional electron impact with continuous liquid-liquid extraction, solid phase extraction, or solid phase microextraction for ppt level NDMA analysis (Yoo et al., 2000; Mitch et al., 2003; Eaton and Briggs, 2000) . However, these analytical techniques have issues regarding pretreatment requirements, compound recoveries, and detection limits. In addition, these techniques are expensive, time consuming, and require a high degree of analytical knowledge.
Less complex analytical approaches may be more suitable for lab process studies-one approach is using a liquid scintillation counter for measuring radio-labeled NDMA. Previous studies used 14 C-labeled NDMA for NDMA removal studies from water and soil (Fleming et al., 1996; Gumnison et al., 2000) . In these studies, raw water and soil-water mixtures were spiked to initial NDMA concentrations of 1,000 ng/L and 5,000 ng/L, respectively. In addition, a liquid 
Materials and methods

Water sources
Two water sources, Ultrapure (natural organic matter (NOM)-free) water prepared from water purification system (Direct-Q 3 system, Millipore, Korea) and raw drinking water (RDW)
collected from a local water treatment plant (WTP), were selected for this study. The characteristics of the water sources used in this study are described in Table 1 . An NDMA solution (C o = 100 ng/L) was added to Ultrapure water in the presence of NaCl, Na 2 SO 4 , or 4.5, 7, or 9 (± 0.1) using HCl and/or NaOH solutions in the presence of NaCl. The NDMA sample was buffered by adding a 1 M phosphate buffer solution to the sample to create a 1 mM buffer concentration. In separate experiments, NDMA was added to RDW at a concentration of 100 ng/L.
RDW, collected from a local WTP, was used for the evaluation of NDMA removal from water. NDMA was spiked into raw water without filtration for aluminum sulfate (alum), ferric chloride, and ferric sulfate. The source water was filtered using a 1.2 μm (47 mm GF/C) glassfiber filter (Whatman® International Ltd., Maidstone, England) to remove particulate matter prior to spiking in NDMA for PAC experiments. Control samples containing NDMA spikes in both filtered and nonfiltered water were prepared in at least triplicate. Dissolved organic carbon (DOC) was measured using a combustion/non-dispersive infrared gas analysis method (Shimadzu Model TOC-5050A). The natural water sourcewas prefiltered using a 1.2-μm (47 mm GF/C) ashed glass-fiber filter (Whatman® International Ltd.) prior to use.
NDMA determination by scintillation counter
Coagulation and PAC adsorption experiments
Coagulation and PAC adsorption experiments were conducted as jar tests using a sixplace gang stirrer (Phipps and Bird, Richmond, VA, USA); jars were 2L glass beakers filled with Table 2 .
One PAC, 6H (Coal-based, Junsei Chemical Co., Ltd., Saitama, Japan), was used to stimulate adsorption. PAC was hydrated in stock solutions (10 or 1000 mg/L) for 24 hours (hrs)
in Ultrapure water prior to use and added as a slurry to the samples. Applied PAC doses ranged from 1 to 50 mg/L. NDMA was contacted with PAC at an initial concentration of 100 ng/L. 
Biosorption experiments
The biosorption experiment was performed using activated sludge taken from a municipal wastewater plant (Ansan, Korea). The biosorption experiment was conducted in an 
Results and discussion
NDMA determination by scintillation counter
The scintillation intensities of 14 C-labeled NDMA was measured by a scintillation counter at pH 4.5 and at a conductivity of < 0.5 mS/m; these intensity values are presented in The scintillation intensities for 14 C-labeled NDMA measured at various counting times (CTs = 1, 5, and 10 min) are presented in Fig. 2 at various concentrations (0 to 100 ng/L). The differences between the scintillation intensity are negligible for CTs of 1 min and 5 min.
However, increasing the CT from 5 min to 10 min results in a slight increase (CPM/CPM 0 = 27.9
for 5 min and CPM/CPM 0 = 30.1 for 10 min) in the scintillation intensity. Although it is unclear 9 how the optimal CT was determined, a previous study also recommended a 10 min CT for 3 Hlabeled 17-β estradiol determination (Fuerhacker et al., 2001) . The dependence of scintillation intensities of the 14 C-labeled NDMA on various conductivities (30, 60, and 120 mS/m with NaCl at pH 7), pH (4.5, 7, and 9 at a conductivity of 60 mS/m with NaCl), and electrolyte salt type (NaCl, Na 2 SO 4 , and CaCl 2 at pH 7 and at a conductivity of 60 mS/m) is shown in Fig. 3 for a single NDMA concentration of 100 ng/L.
Although the phosphate buffer is commonly effective in a pH range of 5 to 8 (Perrin and Dempsey, 1974) , all pH values remained consistent over the entire range. The scintillation intensity of NDMA remained constant regardless of conductivity and pH levels, and electrolyte salt types. In addition, although the RDW contained DOC (2.4 mg/L) and various anions and cations (with a conductivity of 13.7 mS/m), the differences between the scintillation intensities are negligible. These results are consistent with previous studies that show that scintillation intensity is independent of ion concentration, pH, and ion type (Black et al., 1966; Touiton and Rubinstein, 1986) .
NDMA removal by coagulation precipitation
At the dosages employed, alum and ferric coagulants neutralized particulate surface charge and precipitate metal (hydr)oxide solids. Dissolved organic compounds can precipitate with or adsorb onto the solids. removal (log 2) of the compound could be quantified above the MDLs. In a previous study, hydrophobic micropollutants were successfully removed by the coagulants . NDMA removal increases slightly with increasing coagulant dose for all the coagulants, 209 210 although the removal was somewhat constant among those coagulants. (Fig. 4) . However, chemical precipitation for all coagulants achieves minimal removal (< 7%) of NDMA from the 211 RDW, indicating that coagulation may not be a good removal mechanism for this hydrophilic compound due to the presence of polar functional groups. This is presumably because NDMA's partition onto the particulate matter is minimal due to its decreased hydrophobicity as measured by octanol-water partitioning coefficient (Log K ow = 0.57).
NDMA removal by PAC adsorption
Kinetic experiments were performed by collecting samples after 1, 4, and 24 h of contact in the presence of PAC at concentrations ranging from 1 to 50 mg/L. Representative PAC doseresponse data for NDMA is shown in Fig. 5 . At a 1 mg/L PAC dose, less than 6% of NDMA was removed after contact times of 1, 4, and 24 hr. Increasing PAC dose slightly improved NDMA removal (13% to 17%), but the effect of contact time was insignificant. Previous studies showed that longer contact times and higher PAC dose lead to higher removal of hydrophobic micropollutants (Log K ow > 3) Yoon et al., 2005) . However, NDMA • sample/scintillation liquid ratio = 2.5:17.5;
◊ sample/scintillation liquid ratio = 5:15; ○ sample/scintillation liquid ratio = 10:10; Δ sample/scintillation liquid ratio = 15:5. CPM is the measured scintillation intensity at
[NDMA], and CPM 0 (39 ± 1.9) is the scintillation intensity at the reference condition (zero NDMA). The insert shows the detail at low concentrations for NDMA. conductivity (30, 60, and 120 mS/m with NaCl at pH 7), (b) pH (4.5, 7, and 9 at conductivity 60 mS/m with NaCl), and (c) electrolyte salt type (NaCl, Na 2 SO 4 , and CaCl 2 at pH 7 and conductivity 60 mS/m). 
